We report the domain structure of spontaneously occurring beams (subharmonics) in photorefractive bismuth silicon oxide with an applied electric field from 1 to 6 kV/cm and a running grating. The subharmonic beams are generated in a pattern of domains that evolve dynamically as they move through the crystal. We find that the domains move as a whole with a speed approximately equal to that of the primary grating, but in the opposite direction. The domains are separated by narrow boundary regions, where the phase of the subharmonic waves changes by . The domain motion is consistent with the group velocity for running space-charge waves.
INTRODUCTION
When a photorefractive Bi 12 SiO 20 (BSO) crystal is illuminated with two plane waves with a small frequency offset, spontaneous beams (termed spatial subharmonics) may occur under the right combination of experimental conditions. [1] [2] [3] [4] The collimated nature and the direction of propagation of these beams suggest diffraction of the incident (writing) beams in photorefractive gratings with a grating period equal to an integer times that of the primary grating recorded by the two incident beams. The most prevalent spontaneous beam occurs in a direction along the bisector of the two incident beams, indicating not only diffraction in a grating with a grating spacing equal to a period twice that of the primary grating (1/2 of the primary grating frequency) but also diffraction at angles, demonstrating that 1/4 and 3/4 of the primary grating frequency is observed. 3 Since Mallick et al. 1 first reported in 1988 the experimental observation of the spontaneous beams (subharmonics), attempts to explain this effect were mainly directed at two theoretical concepts. The first considers the amplification of scattered coherent light in a preferred direction, producing maximum gain 5 ; the second considers the parametrical excitation of weakly damped spacecharge waves. 6 The latter model introduces the propagating space-charge waves as eigenmodes of the internal electric field, which may be described as a nonlinear oscillator. 6, 7 It explains the excitation of the resonant space-charge wave with a resonance frequency, which is a function of crystal parameters and incident light power. The subharmonic waves appear as a result of bifurcations of the nonlinear oscillator attractor.
In this paper the experimental results that we report indicate not only that the relation between the spontaneous gratings and the primary grating is not a simple period doubling but also that the spatial structures of the two sets of gratings are quite different. We discuss the spatial domain structure of the spontaneous beams occurring in subharmonic excitation and their temporal behavior.
EXPERIMENT
The experimental setup is shown in Fig. 1 . 8 The light source is a single-mode Ar-ion laser operating at a wavelength of 514.5 nm. The light is brought from the laser to the optical table through a single-mode optical fiber. This arrangement isolates the optical table from the mechanical vibrations caused by the cooling water in the laser. A radial holographic grating serves as a combination beam splitter-frequency shifter. When the radial grating rotates, the first-order and minus-first-order diffracted beams are frequency shifted by equal amounts of ␦, but with opposite sign. This arrangement permits precise control of the frequency shift over a wide range without phase jumps. The direct transmitted beam with unshifted frequency is blocked, and the two diffracted beams of equal intensities and with frequency detuning ␦ ϭ Ϯ(2/␣)⍀, where ⍀ is the angular velocity of the grating and ␣ is the angular grating spacing, are collimated, expanded, and directed to intersect in the BSO crystal at an angle 2. The BSO crystal, with dimensions 10 mm ϫ 10 mm ϫ 3 mm, was antireflection coated on the input and the output surfaces. Gold electrodes were plated on the side faces of the crystal. A dc electric field of as much as E a ϭ 6 kV/cm was applied along the (001) direction. The intersection angle between the writing beams 2 was 1.47°, resulting in a fringe spacing ⌳ ϭ 20.1 m. The total Ar-laser power incident upon the crystal was 4 mW/cm 2 . Both incident waves were polarized perpendicularly to the plane of incidence. The patterns of beams emerging from the crystal were picked up with a CCD camera.
Without the frequency shift produced by the rotating grating we observed the usual pattern of beams diffracted from the incident beams by the steady-state photorefractive grating in the BSO crystal [ Fig. 2(a) ]. With the proper selection of the induced frequency shift, spontaneous beams appear in the direction bisecting the incident beams. The frequency shift necessary for spontaneous beam generation depends on the total incident light intensity and on the applied voltage such that the necessary amount of frequency shift for the generation of subharmonics is proportional to the total incident intensity and inversely proportional to the applied voltage. This is in good agreement with the current theory for subharmonics. 6, 7 The spontaneous beams appear symmetrically on either side of the writing beams, and, in addition, beams appear corresponding to the higher-order diffraction of the writing beams in the running grating in the crystal [ Fig. 2(b) ]. At a slightly higher frequency shift we also observed the spontaneous beams correspond- . It is interesting that the frequency shift necessary for these beams to appear was close to four times the frequency shift, giving maximum diffraction efficiency for the fundamental component of the primary grating. No spontaneous beams corresponding to K/3 were observed.
The incident beams and the higher-order diffracted beams appear in the near field as uniformly illuminated square segments of a plane wave, whereas the spontaneous beams have a complicated spatial structure. To observe the inner spatial structure of the spontaneous beams, we projected the rear face of the crystal on a screen at a magnification of approximately 22 times. To collect all the beams coming from the crystal, a lens with a 15-cm focal length was placed behind the crystal. This permitted detection of the fringes produced by the writing beams interfering inside the crystal as well as of the motion of the fringes when frequency detuning was provided by the rotating grating. At this magnification the light distribution on the screen shows easily detectable periodic fringes with a spacing of ϳ0.4 mm. The direction of the fringe motion was from the positive electrode toward the grounded (negative) electrode, i.e., opposite the direction of any electron flow. A slit aperture was placed in front of the photomultiplier to measure the velocity of the fringes inside the crystal. The periodic signal from the photomultiplier was captured by a Gould-400 oscilloscope and was digitized. From the measured value of the signal period, T, and the known fringe spacing, ⌳, the velocity of the fringes V f was calculated as V f ϭ ⌳/T. Figure 3 shows the oscilloscope trace. When the velocity of the running grating at the crystal was ϳ0.4 mm/s and no spontaneous beams appeared, only fringes corresponding to the primary grating with period ⌳ ϭ 20, 1 m, with our experimental parameters, were detected [ Fig. 3(a) ]. By increasing the velocity of the running 
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grating, fringes having the double period relative to the primary grating were observed [ Fig. 3(b) ]. The strength of the spontaneous (subharmonic) grating reached its maximum when the velocity of the main grating was approximately 0.6-0.7 mm/s. The corresponding modification of the fringe pattern is evident from Fig. 3(c) . All these traces were captured at an applied voltage of E a ϭ 6 kV.
To observe the structure of the spontaneous beams an aperture was placed at the Fourier plane of the lens to cut all the beams except the central spontaneous (subharmonic) beam. The inner structure of the subharmonic wave created inside the crystal was clearly resolved as a mosaic of bright domains divided by narrow dark regions. The domains appear to emerge at the face of the BSO crystal with the negative applied voltage. They start as small seeds at several points along this edge and then grow while moving from the negative electrode to the positive electrode. The velocity of the domains was found to be close to the velocity of the fringes, but with the opposite direction. Several experiments were done at different applied voltages. A decrease of E a results in an increase in the value of frequency detuning 2␦, which is necessary for the onset of spontaneous beams. This increase of frequency detuning causes the primary grating to move faster. We also observed a corresponding increase in the velocity of the domain motion with decreasing E a . The dependence of the absolute value of the velocity of domains and of the primary grating on the applied voltage is shown in Fig. 4 . The dependence of the optimum velocity of the running grating for subharmonic generation is in agreement with earlier theoretical and experimental results. 10 To prove that the domain movement is not a special feature of the rotating grating we also produced a frequency shift by translating one of the mirrors in the beam path with a piezoelectric transducer while the grating beam splitter was at rest. The piezo mirror was adjusted to give the same amount of frequency shift as that obtained with the rotating grating. A clear domain pattern was observed with the new configuration, and the domains moved in the same direction as reported above. However, the domains produced with the piezo-driven frequency detuning were much smaller and more numerous than in the case of the rotating grating. We explain the smaller size by the fact that the domains were not allowed to travel far because of the limited range of the piezo stack. In the further experiments reported here, only the rotating diffraction grating was used. Figure 5 shows the internal structure of the central spontaneous (subharmonic) beam. Figure 5(a) shows how large domains appear when the applied field is E a ϭ 4 kV/cm and the frequency shift produced by the radial holographic grating are close to the optimum for subharmonic wave generation. If the frequency detuning is slightly reduced, the domains appear to be extended in the transverse direction (vertical domains). This case is shown in Fig. 5(b) ; E a is still 4 kV/cm. If the frequency detuning is slightly higher than optimal, the domains appear to grow preferentially in the longitudinal direction [see Fig. 5(c) ; horizontal domains]. This picture was taken for E a ϭ 6 kV/cm. It can clearly be seen that now the domains form sharp horizontal separation lines parallel to the direction of the applied electric field. Note that when voltage is higher than 5.5 kV, the probability is much higher that horizontal domains will appear than it is for vertical structures.
The set of consecutive images shown in Fig. 6 was obtained at E a ϭ 4 kV/cm. The separation time was 1 s. Again the domains start at the crystal edge and move in the direction of the applied electric field. The shape of small domains appearing close to the crystal edge was nearly circular, with a diameter of ϳ0.5 mm. Later these domains seem stretched along the direction of propagation, and after passing a distance of ϳ3 mm they reach a maximum size comparable with the crystal dimensions. The growth seems to occur because of a fusion of neighboring domains into larger ones while they all move with the same velocity. When conditions are stable the large domains cover the whole crystal with well-defined boundaries between them, which look like dark lines.
To demonstrate that there are phase changes in the subharmonic light wave at the boundaries between domains, we studied the interference between the K/2 subharmonic beam and a coherent plane wave. The interference pattern obtained contains many dislocations similar to the interference between a plane wave and a speckle field [see Fig. 7(a) ]. In our case, in contrast to experiments done by Grunnet-Jepsen et al., 11 the domains move, but we used a technique similar to theirs to show the phase changes between domains. By projecting the intensity fringe pattern inside the crystal with a large magnification onto a screen, we were able to observe directly the interference between the primary beams and the K/2 subharmonic beam as well as to localize the domain walls by the phase jump. shows a corresponding section of an oscilloscope trace. The extent of the phase change is seen to be just a few periods of the primary grating (a few times ⌳ ϭ 10 m).
In our experimental configuration we were also able to observe K/4 subharmonic beams with a wave vector four times greater than that of the primary grating. The spatial structure of these beams was similar to that of the central K/2 spontaneous beam, but with some additional features. The beams were weaker, and although K/4 domains were clearly observed moving with the same speed and direction as the K/2 domains, their structure seemed less stable with changes in shape and form taking place while they moved across the crystal.
All the results reported above were observed with several different BSO crystals. Clear domains were observed in all the cases, and so was the motion of the domains.
DISCUSSION
The main result of our observations and experimental efforts is the establishment of the spatial and temporal behavior of the domain structure of the spontaneous subharmonic beams coming from a photorefractive BSO crystal. The domain structure illustrates the spatial structure of the subharmonic grating and shows it to be inhomogeneous and to exhibit motion and temporal development as it moves from one side of the crystal to the other. This complicated spatial structure of the subharmonic wave leads to a specklelike structure of the wave in the far field and a higher divergence as compared with the writing beams passing through the crystal. It has been shown previously 8 that the Ϯ3K/2 subharmonic beams have a structure identical to that of the central K/2 subharmonic beam. However, it is also clear that no domains or similar structures are observed in other beams resulting from diffraction in the primary grating. The most important new result of our study is the demonstration of the motion and the growth of the domains. We assume that the subharmonic photorefractive grating is superimposed on the primary grating and is locked in phase to it. Because of the doubling of the period, the phase matching may occur with a phase ambiguity of between the subharmonic gratings. The resulting gratings will have equal probabilities for realization. If both realizations are present in the crystal, domains of constant phase are separated by narrow regions in which domains of opposite phase interfere. The regions of phase step correspond to a zero value of the diffracted wave amplitude, because the subharmonic grating amplitude changes its sign on these border lines. This explanation is similar to the one given in Ref. 11, in which the domain structure of the subharmonic wave was detected for the first time in a Bi 12 GeO 20 crystal in an experimental scheme by Grunnet-Jepsen et al., who applied ac high voltage to the crystal instead of using the running fringe technique. Note that only steady-state domains were reported in that case.
The most puzzling observation in our experiments with domain motion is the fact that the domains move with a speed approximately equal to that of the primary grating and the subharmonic grating matched in phase with it, but in the opposite direction. The motion of the domains is in the same direction as the drift velocity of negative charge carriers, but the domain velocity is much smaller than the electron drift velocity, and the domains are unlikely to be associated directly with the motion of clouds of electrons. However, the domain motion may possibly be explained as the group velocity associated with spatial space-charge wave packets. It is well established that the dispersion relation for space-charge waves around a space-charge resonance is approximately of the form ␦ ϳ A/K, 6, 12 where ␦ is the frequency shift, K is the wave vector of the grating, and A is a constant collecting the material parameters. The phase velocity is V ph ϭ ␦/K, which in our case corresponds to the velocity of the intensity fringes V ph ϭ V f . The group velocity is in the first approximation V gr ϭd(␦)/dK. Using ␦ ϳ A/K, we find that V ph ϭ ϪV gr . In other words, assuming the dispersion relation given above, the group velocity of a perturbation equals its phase velocity with the opposite sign.
CONCLUSIONS
Summarizing, we have shown the existence of a spatial two-dimensional structure of the subharmonic photorefractive grating excited in a BSO crystal with the proper choice of the frequency shift between two writing beams and that this structure has a complicated domainlike inhomogeneity that experiences dynamic development. Domains originate as small bright two-dimensional objects on a dark background with initial dimensions of ϳ20 primary grating spacings. They move in the opposite direction of the primary grating and grow in dimensions until they touch each other. In collision they merge into larger domains separated by dark domain walls. The experimentally measured velocity of the domains has the same absolute value as the primary grating velocity inside the crystal and the corresponding subharmonic grating, which is phase matched to the primary grating. This is the first time, to our knowledge, that the inner structure of the spontaneous subharmonic beams in BSO in the form of moving domains has been described.
